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Winter  oilseed  rape  production  is  typically  characterised  by low  nitrogen  (N)  use  efﬁciency.  Deﬁning  site-
speciﬁc  fertiliser  strategies  based  on ﬁeld  trials  and  crop  modelling  may  help  to  improve  the ecological
efﬁciency  of this  crop.  However,  no  model  has been  evaluated  for winter  oilseed  rape  that  simulates  the
growth  of the plant  as limited  by  the  interaction  of water  and  N. In this  study,  the APSIM canola  model
which  was  originally  developed  for  the  temperate  regions  of  Australia,  was  adapted  for  conditions  in
Germany  and  tested  against  measured  data  (total  biomass,  grain  yield,  leaf  area  index,  N-uptake  and
soil mineral  N) at three  sites  near  Göttingen  (northern  Germany).  In  the  second  part  of  the  study,  the
evaluated  model  was  used  in  a simulation  experiment  to explore  site-speciﬁc  climate  and  soil related
production  limitations  to match  fertiliser  rates  to  yield  targets.  Historical  weather  data  from  four  sites
across northern  Germany  and  a fertile  loamy  soil with different  rooting  depths,  implicating  different  plant
available  water  capacities,  were  used.  Model  results  showed  large  differences  in  yield (up to 1000  kg  ha−1)
−1 −1and N-balance  (>30  kg ha ) for 200  kg N-fertiliser  rate ha between  restricted  (50 cm)  and  unrestricted
rooting  depths.  Simulated  yields  for  such  high  N-fertiliser  rate  were  lower  for sites  with  continental
climate  than  for sites  close  to the  coast,  reﬂecting  different  rainfall  patterns.  Results  indicate  that  water
supply  plays  a critical  role when  maintaining  high  N use  efﬁciency  and  reaching  simultaneously  grain
yields  of  4000  kg  ha−1.. Introduction
The average yields of winter oilseed rape (Brassica napus L.)
ave reached 4000 kg ha−1 in many northern states in Germany
ince 2000 with the most favourable sites regularly yielding
bove 5000 kg ha−1 (Statistisches Bundesamt, 2014). Under opti-
al  growing conditions (optimal nutrient and water supply,
bsence of pest and diseases, no weeds) a potential grain yield
f 6500 kg ha−1 has been suggested by Berry and Spink (2006).
owever, under rainfed conditions winter oilseed rape produc-
ion in Germany is frequently affected by water stress, indicated by
ational yields below 3000 kg ha−1 in years with a dry spring period
s observed in 2003 and 2011 (Statistisches Bundesamt, 2014).
ndeed, oilseed rape is a water demanding crop (Gerbens-Leenes
t al., 2009) with studies showing that >300 mm of water must
e available from ﬂowering to maturity to support high yields of
ore than 4000 kg ha−1 (Berry and Spink, 2006; Rathke et al., 2006).
∗ Corresponding author. Tel.: +49 0 551 39 33752; fax: +49 0 551 39 33759.
E-mail address: mhoffma@gwdg.de (M.P. Hoffmann).
ttp://dx.doi.org/10.1016/j.fcr.2015.03.018
378-4290/© 2015 Elsevier B.V. All rights reserved.©  2015  Elsevier  B.V.  All  rights  reserved.
Available soil moisture at ﬂowering is therefore critical to support
the crop under conditions where rainfall is limited. Shallow, sandy
or constrained soils with low plant available water capacity (PAWC)
therefore have a limited ability to buffer a crop during periods of
low rainfall, and it is on these soil types that yields are most severely
limited.
Another limiting factor in oilseed rape production is that N-
application is restricted by the EU Nitrate Directive in Germany
to limit average annual N-balance (N applied minus N removed
by harvest) to a three year average of 60 kg ha−1. N-balance mea-
sured after winter oilseed rape usually exceeds this limit, and
is frequently above 100 kg ha−1 (Henke et al., 2007). Large sur-
pluses arise due to typical fertiliser rates in the range of 160 to
200 kg N ha−1 in spring. A low harvest index (HI; ratio harvested
organ/total biomass) of oilseed rape, typically 0.3, and N harvest
index (NHI; ratio N in harvested organ/N in total biomass) of 0.6–0.7
result in a large proportion of the applied N remaining in straw
residues on the ﬁeld. The following crop, commonly winter wheat,
is not able to take up the mineralising N in autumn. Despite this
overall trend, the N-balance for the same N-fertiliser rate can differ
strongly from site to site (Sieling and Kage, 2010), when factors,
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hich are largely beyond the scope of management, such as water
upply, solar radiation and temperature, limit growth. Matching
ertiliser application rates to site-speciﬁc attainable yield may  help
o adapt management practices and improve the N-balance.
In the last twenty years, ﬁeld trials have been widely conducted
n Germany to deﬁne site-speciﬁc best management practices by
etting targets for site-speciﬁc yield and improved N use efﬁ-
iency (Lickfett, 1993; Henke et al., 2008a, 2008b; Rathke et al.,
006). However, ﬁeld trials are expensive and time consuming and,
ore importantly, results and also N-response curves statistically
erived from these trials are difﬁcult to extrapolate to other sites
nd years due to the complex nature of the interaction between
rop physiology, N-uptake and distribution, temperature driven
rowth duration, intercepted radiation and water supply (rainfall
mount, distribution and storage in the soil) (Henke et al., 2007;
chulte auf‘m Erley et al., 2011). For other crops, mechanistic plant
rowth models have been successfully used to develop comple-
entary insights into soil and climate speciﬁc fertiliser practices
e.g. for wheat: Asseng et al., 2000).
During the 1990s, few models for oilseed rape have been devel-
ped in Europe and Australia. However, so far, no model has been
valuated for simulating the growth of rainfed oilseed rape limited
y N. For example, the respective LINTUL version developed by
abekotté (1997a–1997c) takes only solar radiation and tempera-
ure into account and assumes optimal conditions for growth where
ater and N are not limiting. It further ignores the autumn and win-
er development phases of winter oilseed rape. A second example
s that of the CERES-Maize model adapted for winter oilseed rape
n France, but only tested for non-water stressed plants (Gabrielle
t al., 1998). For Mediterranean conditions in Italy, a winter oilseed
ape model was adapted within the DSSAT framework (Deligios
t al., 2013). For conditions in Australia, a canola model was incor-
orated into APSIM (Robertson et al., 1999) and mainly used to
ssess temperature effects on plant phenology (Farre et al., 2002).
oth models – DSSAT rapeseed and APSIM canola – were devel-
ped for warmer climates than the growing conditions of central
nd northern Europe. Although both models have not been tested
or crop N-uptake, they make use of intensively tested modules for
oil N and water dynamics, which make them suitable as a basis for
odel development and adaptation.
Against this background, this study aimed to (1) collect rain-
ed ﬁeld trial data from multiple sites and years to (2) adapt the
xisting APSIM canola model for winter oilseed rape production
n Germany and (3) to evaluate the performance of the calibrated
odel in terms of total biomass, grain yield, leaf area index (LAI), N-
ptake and soil mineral N (SMN) dynamics against these ﬁeld trial
ata and (4) explore the scope for site-speciﬁc N-management in
orthern Germany for improving the productivity (represented by
ield) and reducing the risk of exceeding the N-balance.
. Materials and methods
.1. Field experiments
Data for the calibration and the evaluation of the model
erived from N-rate × variety ﬁeld trials conducted at Reinshof in
010/2011, at Rosdorf in 2012/2013 (Lower Saxony, Germany, Uni-
ersity of Göttingen) and a at third experimental site, at Harste in
006–2012 (Institute of Sugar Beet Research). These three sites are
ocated in the vicinity of Göttingen. The region is located in the tran-
ition between maritime and continental climate. Average annual
recipitation is 637 mm and average daily temperature is 9.17 ◦C
Figs. 1 and 2). Daily weather data (including solar radiation, maxi-
um  and minimum temperature and rainfall) were obtained from
he German weather service station in Göttingen around one kmFig. 1. Map  of Germany presenting the selected sites: Magdeburg (1), Göttingen (2),
Bad Salzuﬂen (3) and Leck (4).
from the Reinshof ﬁeld trial and ﬁve km from the trial at Rosdorf.
For Harste, meteorological data were taken from a nearby weather
station (Wetterstation Göttingen, 2014).
2.1.1. Reinshof
The soil was a Pseudogley with organic carbon content (OC;
0–10 cm)  of 1.8% (Table 1). Soil texture was  a clayey silt and the
pH value was  7 (0.01 M CaCl2; VDLUFA, 1991). Phosphorus (P; 7 mg
100 g−1 soil; CAL method), potassium (K; 12 mg  100 g−1 soil; CAL
method) and magnesium (Mg; 9 mg  100 g−1 soil; CaCl2 method)
were measured at ﬁeld trial start and found in sufﬁcient supply
(VDLUFA, 1991). The ﬁeld trial was carried out from 08/2010 to
07/2011. In this study we used data from a factorial experiment
with four replicates of three hybrids (cvv. PR46W31, PR46W20,
PR46W26) and three N-levels (0, 100, 200 kg ha−1). N-fertiliser was
applied in two equally split doses at recommencement of growth
after winter dormancy in spring and four weeks later. The crop
was shown on 20/08/2010 at a planting density of 50 plants m−2.
Soil characterisation including hydrological properties needed to
parameterise the soil water balance model in APSIM were taken
from Jung (2003) with an assumed rooting depth of 150 cm. SMN
(0–90 cm)  was low with 30 kg ha−1 before sowing (Nmin method,
Wehrmann and Scharpf, 1979). Aboveground residues of the pre-
ceding wheat crop were removed. 40 kg ha−1 of sulphur (S) were
applied as Kieserite on 08/02/2011. Biomass production, N-uptake
and SMN  were recorded before winter, after winter, at ﬂowering
and at harvest (including grain yield and N-uptake). The main phe-
nological development stages were monitored according to the
BBCH scale (Lancashire et al., 1991). All biomass values from the
ﬁeld trial, same for Rosdorf and Harste, were presented as dry
weight.
2.1.2. Rosdorf
The soil was  a Pseudogley with OC (0–15 cm) of 1.7% (Table 1).
Soil texture was  a clayey silt and the pH value was  6.5 (0.01 M
CaCl2). The nutrient status (5 mg  P 100 g−1 soil (CAL method),
10 mg  K 100 g−1 soil (CAL method), 6 mg  Mg 100 g−1 soil (CaCl2
method) was tested prior to sowing and found in sufﬁcient sup-
ply (VDLUFA, 1991). The ﬁeld trial was  conducted from 08/2012 to
08/2013. The hybrid Visby and the variety line Adriana were tested
with three N-levels (0, 100, 200 kg ha−1; replicates = 4). N-fertiliser
was applied in two equally split doses at recommencement of
M.P. Hoffmann et al. / Field Crops Research 178 (2015) 49–62 51
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Rig. 2. Climate data (monthly mean rainfall, monthly mean solar radiation (SR), mea
annual rain 510 mm;  annual SR 3847 MJ  m−2, annual mean daily Temp 9.4 ◦C); Göt
847  mm;  3503 MJ  m−2, 8.2 ◦C). Source: German Weather Service.
rowth after winter dormancy in spring and four weeks later. The
rop was sown on 24/08/2012 at a planting density of 45 plants m−2or cv. Visby and 50 plants m−2 for cv. Adriana. Hydraulic soil char-
cterisation was done following Dalgliesh and Foale (1998). The
ower limit of plant extractable water (known as CLL, similar to
able 1
oil properties (Bulk density, LL = lower limit of plant available water capacity, DUL = d
einshof used for the parameterisation of APSIM.
Site Soil layer (cm) Bulk density (g cm−3) LL (mm  mm
Reinshof 0–10 1.5 0.19 
10–30  1.5 0.19 
30–60  1.5 0.20 
60–90 1.5 0.18 
90–120  1.5 0.16 
120–150  1.5 0.16 
Rosdorf 0–15  1.4 0.06 
15–30  1.5 0.10 
30–60  1.5 0.25 
60–90  1.5 0.24 
90–120  1.5 0.18 
120–150  1.5 0.28 
Harste 0–15  1.4 0.14 
15–30  1.4 0.12 
30–60  1.5 0.11 
60–90  1.5 0.11 
90–120  1.5 0.11 
120–150  1.5 0.11 
150–180  1.5 0.10 imum and maximum daily temperature based on the years 1961–2012: Magdeburg
 (637 mm;  3656 MJ  m−2, 9.2 ◦C); Bad Salzuﬂen (809 mm;  3641 MJ m−2, 9.7 ◦C; Leck
permanent wilting point) was  assessed by setting a rain out shelter
over the ﬂowering oilseed rape. Soil moisture samples measured
at harvest under the rain out shelter give the CLL of plant available
water capacity. Drained upper limits (DUL, similar to ﬁeld capac-
ity) were deﬁned by soil moisture samples taken after excessive
rained upper limit, SAT = saturation, OC = organic carbon) for Rosdorf, Harste and
−1) DUL (mm  mm−1) SAT (mm mm−1) OC (%)
0.43 0.44 1.8
0.43 0.44 1.8
0.39 0.42 1.0
0.34 0.38 0.4
0.28 0.33 0.2
0.28 0.33 0.1
0.33 0.37 1.7
0.33 0.37 1.5
0.39 0.43 0.8
0.34 0.38 0.5
0.28 0.31 0.2
0.32 0.35 0.1
0.37 0.48 1.0
0.34 0.45 0.9
0.32 0.44 0.4
0.32 0.44 0.4
0.32 0.44 0.2
0.31 0.44 0.1
0.31 0.43 0.1
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Table  2
Minimum, critical and maximum N-concentrations (%) for different organs of winter oilseed rape derived in this study for the calibration of the APSIM winter oilseed rape
model.  Original values in brackets.
Organ Level Plant stage
Emergence Juvenile Flower initiation Flowering Start grain ﬁlling End grain ﬁlling Maturity
Leaf Min  5.5 (5.5) 2.5 (5.0) 2.5 (4.0) 1.4 (3.0) 0.5 (0.5) 0.5 (0.5) 0.5 (0.5)
Leaf  Critical 6.5 (6.5) 3.6 (6.0) 3.0 (5.5) 3.1 (5.0) 1.5 (5.0) 1.5 (0.5) 0.8(1.0)
Leaf  Max  8.0 (8.0) 7.5 (7.5) 6.5 (6.5) 5.5 (5.5) 5.5 (5.5) 5.5 (5.5) 1.0 (2.0)
Stem  Min  5.5 (5.5) 2.0 (5.0) 2.0 (3.5) 1.4 (3.0) 0.5 (0.3) 0.5 (0.3) 0.3 (0.3)
Stem  Critical 6.5 (6.5) 2.7 (6.0) 2.7 (5.0) 2.5 (4.0) 1.5 (4.0) 1.5 (4.0) 0.5 (0.5)
Stem  Max  8.0 (8.0) 5.5 (7.5) 5.5 (5.5) 4.5 (4.5) 4.5 (4.5) 4.5 (4.5) 1.5 (2.5)
Pod  Min  3.5 (4.0) 2.5 (3.0) 0.5 (2.0) 0.3 (0.5)
Pod  Critical 4.0 (5.0) 3.5 (4.0) 1.5 (3.0) 1.0 (1.0)
Pod  Max  5.5 (5.5) 4.5 (4.5) 2.6 (3.5) 1.5 (1.5)
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ainfall. SMN  (0–90 cm)  was 70 kg ha−1 at sowing (Nmin method,
ehrmann and Scharpf, 1979). All residues from preceding wheat
rop were incorporated by ploughing. S (40 kg ha−1) was  in spring
013 as Kieserite to ensure that it was not limiting. Biomass
roduction, N-uptake as well as SMN  (0–90 cm)  were monitored
efore winter, in spring, at ﬂowering and harvest (including grain
ield, and grain N-uptake). Furthermore, LAI was measured ﬁve
imes around ﬂowering. Phenological development was monitored
ccording to the BBCH scale (Lancashire et al., 1991).
.1.3. Harste
The soil is a Stagnic Luvisol with OC content (0–15 cm)  of
.0% (Table 1). Soil texture is a clayey silt and pH value was  7.1
0.01 M CaCl2). Hydraulic soil characterisation was  based on soil
exture analysis using pedotransfer functions following Tsuji et al.
1994) (Table 1). The available data for testing the model derived
rom a long-term crop rotation experiment with three replicates
2006–2012). Winter oilseed rape was planted every year and,
hus, the data set included grain yield from 2006 to 2012 and ﬁnal
otal biomass for 2011 and 2012. SMN  (0–90 cm)  was measured
efore winter and in spring (Nmin method, Wehrmann and Scharpf,
979). From 2006 to 2009 the hybrid Mika was planted and from
010 to 2012 the cv. Visby. Sowing date was late August/early
eptember. Planting density was 45–50 plants m−2. N-fertiliser
plitting (2–5 times, including pre-winter application) and amount
185–260 kg ha−1) differed from year to year and was managed
ccording to SMN  levels in spring. Before sowing, 109 kg P ha−1,
42 kg K ha−1, 45 kg Mg  ha−1 and 1143–1400 kg CaO ha−1 were
pplied. In spring, 20 kg S ha−1 and 15 kg Mg  ha−1 as Bittersalz were
pplied. All residues from preceding wheat crops were incorpo-
ated by deep cultivation.
.2. APSIM setup
APSIM is a widely used farming system model that simulates
rop growth and development based on incoming radiation limited
y temperature stress, water supply and N availability (Keating
t al., 2003). Management decisions such as sowing date, fertiliser
pplication etc. can be speciﬁed in a manager module. APSIM (ver-
ion 7.5r3008) was conﬁgured with the modules for canola, soil
ater (SOILWAT), soil N (SOILN) and surface organic matter (rep-
esents residues of the preceding crop) as follows:
.2.1. Soil and surface organic matter
The SOILWAT module was parameterised following standard
ractices using APSIM: The two parameters that determine ﬁrst
U) and second stage (Cona) of soil evaporation using the Taylor-
riestly approach were set to 4 and 2 mm day−0.5 for loam soils,2.8 (2.8)
3.3 (4.0)
4.5 (4.5)
similar to Hunt and Kirkegaard (2011). Runoff is linked to the set-
ting of the USDA curve number and was deﬁned for all sites as 73.
The fraction of water drained to the next soil layer under saturated
conditions per day (SWCON) is 0.5 for all layers in the three soils
following standard parameterisation for loam. For soil water con-
tent below DUL, water movement depends upon the water content
gradient between adjacent layers and the soil’s diffusivity, deﬁned
in APSIM as diffusivity constant and diffusivity slope. For all sites
the default values of 88 (diffusivity constant) and 35 (diffusivity
slope) were used to represent loam soils.
The OC content which was  only measured for the top layer, was
assumed to decrease exponentially with depth. FINERT and FBIOM,
the different pools of the organic matter are deﬁned according to
typical default values (FBIOM; 0–10 cm:  0.05; 10–30: 0.045; 30–60:
0.035; 60–90: 0.015; 90–120: 0.01; FINERT: layer 0–10: 0.4; 10–30:
0.5; 30–60: 0.7; 60–90: 0.8; 90–120: 0.95; unit less, fraction of total
OC; Probert et al., 1998; Luo et al., 2014).
Straw remaining from the preceding wheat crop was set accord-
ing to the values measured and a C:N ratio of 60 was  assumed. The
amount of straw in the ﬁeld trials ranged from 6000 to 8000 kg ha−1.
The relative potential decomposition rate was  0.05 d−1 according
to the application of APSIM in the Netherlands by Asseng et al.
(2000). Recorded tillage events were implemented in the manage-
ment script. An annual N-deposition of 24 kg ha−1 as suggested by
the Deutsches Umweltbundesamt (2014) was evenly distributed
over the year on a monthly basis (2 kg ha−1 mo−1) in the simulation
runs.
2.2.2. Plant module calibration
As the APSIM canola model was  not previously tested for the
study region, we  calibrated the model with data from three treat-
ments of the Reinshof trial (cv. PR46W26 at 0, 100, 200 kg N ha−1,
respectively). These treatments were excluded from the evaluation
of the model afterwards. An existing cultivar in the APSIM data
base, cv. French Winter, was  selected as a base cultivar which was
assumed to be closest to cultivars found in northern Europe. The
model output of these calibration runs was  compared to observed
results. It showed that the N-uptake was overestimated in relation
to total biomass production. APSIM’s N-uptake is regulated by sup-
ply and demand. The demand side is determined by a value for
minimum, critical and maximum concentration (%) for the differ-
ent organs and plant stage. Based on the measured N-concentration
in vegetative biomass and grain before winter, at vegetation start,
ﬂowering and harvest and in accordance with literature (Barlog and
Grzebisz, 2004), the APSIM-standards for N-concentrations for leaf,
stem, pod and grain were adjusted (Table 2). Values are close to the
ones used by Deligios et al. (2013) for an oilseed rape model built
for the Mediterranean climate in the DSSAT framework. Adjusting
M.P. Hoffmann et al. / Field Crops Research 178 (2015) 49–62 53
Table  3
Cultivar parameter for APSIM.
APSIM parameter Acronym Unit Cultivar
French Winter (default) PR46W26 PR46W31 PR46W20 Adriana Visby
Harvest Index hi max  pot – 0.30 0.20 0.24 0.25 0.27 0.28
Thermal time requirements:
End of juvenile to ﬂoral initiation tt end of juvenile ◦C days 900 900 900 900 900 900
◦ 250 
200 
000 
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aFloral  initiation to ﬂowering tt ﬂoral initiation units C days 
Flowering to start grain tt ﬂowering units ◦C days 
Start  grain ﬁlling to end grain ﬁlling tt start grain ﬁll ◦C days 1
he threshold N-concentration levels in the model led to a good
atch between simulated N-uptake with the observed N-uptake
n the calibration treatments.
Two further adjustments were made in the model setup: First,
ecent work with the APSIM canola model in Australia suggested
reater leaf size for modern cultivars than the default ones in
he release version of the model (APSIM 7.5r3008). Leaf size was
ncreased to 2000, 7000, 15,000, 18,000 and 19,000 mm2 (origi-
al vales 1500, 4000, 11,000, 14,000, 15,000) which is set in APSIM
ccording to leaf number (1, 3, 5, 9, 13, 16, respectively) (McCormick
t al., 2015). Second, senesced leaves were set to be dropped at a
aily rate of 1% (original value 0%) by calibrating the model with
he observed total biomass values before and after winter.
After these general canola module calibration, which is the same
or all cultivars, cultivar speciﬁc parameterisations (HI and thermal
ime requirements for the speciﬁc development stages) were done
s follows (Table 3): cv. PR46W26 was parameterised by observed
I for the 200 kg N ha−1 treatment and thermal unit requirements,
hich were adapted from observed ﬂowering and harvest day. For
ifferentiating the other cultivars, we used the 200 kg N ha−1 treat-
ents at Reinshof for cv. PR46W31 and cv. PR46W20. For cvv. Visby
nd Adriana, we used the 200 kg N ha−1 treatment at Rosdorf. The
v. Mika was assumed to be similar to Visby.
.3. Analysis of model performance
For statistical analysis of model evaluation, the observed data of
otal biomass, yield, grain N-uptake, total biomass N-uptake, SMN
nd LAI were compared with the corresponding predicted values.
o assess the goodness of ﬁt of these simulated—measured com-
arisons the root mean square error (RMSE) between predicted and
bserved data was calculated as follows:
MSE =
[
˙(O − P)2
n
]0.5
here O and P are the paired observed and predicted data and n
s the total number of observations. Additionally, for comparison,
he traditional R2 regression statistic (least-squares coefﬁcient of
etermination) forced through the origin was calculated..4. Simulation experiment
The scope for site-speciﬁc N-fertiliser management was  inves-
igated using a simulation experiment for four locations across
able 4
ummary of the APSIM winter oilseed rape model evaluation at Rosdorf, Reinshof and Ha
ccount.  Performance at harvest only is presented in Fig. 3a–d.
Model attribute Unit Number of paired data points 
Total Biomass kg ha−1 50 
N-uptake kg ha−1 48 
LAI  30 
Soil  mineral N (0–90 cm) kg ha−1 48 250 350 350 350 350
350 300 300 250 300
650 750 750 950 950
northern Germany (Fig. 1). For a transect running from Göttingen
to Leck, long-term (1961–2012) daily historical weather data (solar
radiation, minimum and maximum temperature and rainfall) of
four sites were obtained from the German Weather Service (Fig. 1).
The highest average annual rainfall (847 mm)  and coolest mean
daily temperature (8.16 ◦C) is recorded for Leck. During the critical
growing period for oilseed rape growth from ﬂowering to matu-
rity 53% of all season provide more than 200 mm rain. Contrary,
in Magdeburg, a continental dry site (510 mm average annual rain-
fall), only 16% of all seasons have rainfall >200 mm,  while more than
half of the seasons (57%) have less than 150 mm rainfall during that
period (Fig. 8).
A generic loamy soil – of varying depth – similar to a
Parabraunerde (USDA classiﬁcation, Cambisol) was  used to repre-
sent a common highly productive arable soil in northern Germany.
While information on soil texture is easily available, there is often a
lack of knowledge concerning the rooting depth of the speciﬁc soil.
Rooting depth can differ due to subsurface hardpans or rocks and
it is correlated strongly with PAWC and, thus, crop growth. There-
fore, we applied four different rooting depths to illustrate the effect
on crop growth at each site: A rooting depth of 180 cm resulted
in a PAWC of 237 mm,  which was categorised as high according
to AG Bodenkunde (1994). Rooting depths limited to 140 (PAWC
187 mm),  90 (PAWC 123 mm)  50 cm (PAWC 58 mm)  are consid-
ered to represent moderate, low and very low PAWC, respectively,
according to AG Bodenkunde (1994). To single out rooting depth
effects, CLL and DUL were not changed. All parameters of the SOIL-
WAT  module were kept constant (ﬁrst (U) and second (cona) stage
evaporation 4 and 2 mm day−0.5, respectively; runoff 73; SWCON
0.5 for all layers; diffusivity constant 88; diffusivity slope 35. We
used a typical OC content in the topsoil of 1.4%. Characterisation of
the soil organic matter pools followed the convention as described
above.
The simulation experiment was set up for the site-speciﬁc
climate data and repeated for each year (1961–2012) and each
PAWC category. The sowing date was  ﬁxed to 30th August and
cv. Visby was  planted at a density of 50 plants m−2. The APSIM
surface organic matter module was initialised with wheat straw
of 6000 kg ha−1 and with SMN  (0–90 cm)  of 50 kg ha−1. Surface
organic matter and soil-N (including SMN) were reset annually on
20th August. Soil water was set only in the starting year, and from
then on APSIM calculated soil water dynamics. A deposition of
24 kg N ha−1 year−1 was included (Deutsches Umweltbundesamt,
2014). For each combination, twelve levels of N-fertiliser rates
(from 0 to 220 kg N ha−1 at an interval of 20 kg ha−1) were tested
rste in Germany taking all measured points across the whole growing period into
Observed range Observed mean R2 mb  RMSE
1001–16,608 4996 0.96 1.01 884
37–204 83.6 0.94 0.90 16.5
0.34–4.94 2.63 0.88 1.04 0.55
5.4–121.5 19.9 0.93 1.91 16.4
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Fig. 3. (a–d) Observed versus predicted (a) grain yield, (b) total biomass, (c) grain nitrogen (N-) uptake, and (d) biomass nitrogen (N-) uptake at harvest. The dotted line
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or their effect on grain yield and N-balance. Fertiliser application
ollowed standard practice in the region split into two equal
oses both applied in spring. After winter, the ﬁrst N-dose was
pplied if the Julian day of the year was >30 and <182 and when
he six preceding days >6 ◦C (daily average). This rule resulted
n N-application during February/March. The second dose was
pplied four weeks later.
. Results
.1. Evaluation of the model
Field trial data covered a wide range of grain yield
1348–4754 kg ha−1), total biomass (1001–16,608 kg ha−1), and N-
ptake (37–204 kg ha−1) (Table 4; Fig. 3a) and therefore offered
he opportunity for detailed testing of the model. At harvest,
bserved grain yields matched predicted ones with a RMSE of
43 kg ha−1 against an observed average of 3274 kg ha−1 (% RMSE
.4) (Fig. 3a). Similar results were found for total biomass (%
MSE 6.4) and N-uptake (% RMSE grain-N 9.8; biomass-N 12.8%)
Fig. 3b–d). The regression line forced through the origin indi-
ated an almost perfect match for predicted and observed grain
ield, grain N-uptake and total biomass (Fig. 3a–c). As shown
n Fig. 3d, total N-uptake at harvest was slightly over pre-
icted.
Taking all observed points of the whole growing period, the
MSE for total biomass was 884 kg ha−1 against an observed aver-
ge of 4996 kg ha−1 (Table 4). Growth simulated over time for origin.
Rosdorf and Reinshof is presented exemplary for two  cultivars in
Fig. 4a–g. Predicted total biomass was close to the four measured
points (before and after winter, around ﬂowering and maturity)
at both sites (Fig. 4a and b). However, around ﬂowering predic-
tions slightly under estimated production for the zero N-fertiliser
treatments at both sites. For total N-uptake across all data points,
a RMSE of 16.5 kg ha−1 against an observed average of 83.6 kg ha−1
was found (Table 4). For the trial at Reinshof, the observed val-
ues at ﬂowering exceed the predicted ones (Fig. 4c). For the zero
N-fertiliser treatment, this was consistent with the underestima-
tion of biomass at that stage. For the other treatments, the model
under predicted N-uptake at that site and development stage. How-
ever, despite this exception, the model accurately simulated the
N-uptake at the different sampling dates (Fig. 4c and d).
Observed LAI values reﬂected the strong increase in growth
during the ﬁrst weeks in spring with values below 1 at end of
March/early April to values of 5 at end of May  for the 200 kg N ha−1
treatment at Rosdorf (Fig. 4e). The model simulated LAI with
a RMSE of 0.55 against an observed average of 2.63 (Table 4).
However, for the run with the zero N-fertiliser application, the
model under predicted LAI by about 1 (Fig. 4e). Taking all samples
into account, SMN  was modelled with a RMSE of 16.4 kg ha−1
against an observed average of 19.9 kg ha−1. However, observed
values ranged widely from 5.4 to 121.5 kg ha−1 (Table 4) and the
R2 forced through the origin showed an agreement of 0.93. The
simulated SMN  dynamics reﬂected the observed pattern with a
decrease of N before winter and the increase through fertiliser
application in spring (Fig. 4f and g).
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Fig. 4. (a–g) Simulated (as lines) and observed (as points) (a) total biomass growth, (c) N-uptake, and (f) soil mineral nitrogen (0–90 cm)  for the treatments with the cultivar
PR46W20 as affected by 0, 100, 200 kg nitrogen fertiliser ha−1 at Reinshof (2010/2011). Simulated (as line) and observed (as points) (b) total biomass growth, (d) nitrogen
uptake, (e) leaf area index, and (g) soil mineral nitrogen (0–90 cm)  for the treatments with the cultivar Visby as affected by 0, 100, 200 kg nitrogen fertiliser ha−1 at Rosdorf
(2012/2013). Bars represent standard deviation (n = 4).
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aig. 5. Nitrogen fertiliser rate versus mean grain yield for (a) Magdeburg, (b) Bad Salz
PAWC) (i) 58 mm,  (ii) 123 mm,  (iii) 187 mm and (iv) 237 mm based on an APSIM si
.2. Simulation experiment
In the simulation experiment, grain yield and N-balance
ere strongly affected by N-fertiliser application. Grain yields
ere around 1100 kg ha−1 with zero fertiliser and increased
o 4000 kg ha−1 for most of the sites with high PAWC when
20 kg N ha−1 was applied (Fig. 5). However, the yield gain from
dditional N-fertiliser diminished at higher N-rates. The average
-balance increased with the amount of N-fertiliser applied and
xceeded the EU Nitrate Directive in Germany of 60 kg ha−1 for all
ites and PAWCs when 160–180 kg N ha−1 was applied (Fig. 6).
Comparing sites for the zero fertiliser run, simulated grain
ields were highest in Magdeburg (1146 kg ha−1) and lowest
n Leck (980 kg ha−1) (Fig. 5). Differences were in the range
f 200–300 kg ha−1. Contrary, for all runs with fertiliser rates
160 kg N ha−1, the grain yield was highest in Leck and lowest in
agdeburg. Generally, at these high fertiliser rates, mean grain
ields were larger at higher rainfall sites (Bad Salzuﬂen and Leck)
han at low rainfall sites (Göttingen and Magdeburg) (Figs. 2 and 5).
t all sites, simulated grain yields reﬂected the four different PAWC
evels (Fig. 5). Although the magnitude differed from site to site,
he very low PAWC of 58 mm resulted in average 500 kg ha−1
ower yields than the low PAWC of 123 mm.  The mean yield dif-
erence between the 123 mm PAWC and the 187 mm was  around
00 kg ha−1. However, this difference was more pronounced at
ower rainfall sites. The mean yield gap between the moderate
nd the high PAWC soils was marginal at all sites. Seasonal yield
ariability was largest for the low PAWC (58 mm),  especially in
agdeburg and Göttingen (for 180 kg N-fertiliser rate ha−1); yield
anged at these sites from 1000 to 3000 kg ha−1 (Fig. 7).
The N-balance exceeded the critical threshold of 60 kg ha−1 at
ll PAWC categories in Magdeburg when ≥180 kg ha−1 was applied, (c) Göttingen, and (d) Leck and for different plant available water holding capacities
ion experiment for the years 1961–2012.
(Fig. 6). At all other sites, this was  only true for the low and very
low PAWCs while it stayed close to this limit at the moderate and
high PAWC soils (Table 5).
For this 180 kg ha−1 N-fertiliser rate, higher NHI and N-uptake
were generally simulated for the moderate and high PAWC across
sites (Table 5). However, N-concentrations in vegetative and repro-
ductive parts of the crop decreased with higher grain yields and
PAWC. For some sites, the model suggested a good relationship
between water supply from ﬂowering to maturity (extractable soil
water at ﬂowering plus rainfall until maturity) and yield (Fig. 7). In
Magdeburg, a lower correlation was  simulated for the low PAWC
soil and highest for PAWC 237 mm (Fig. 7a). At the other sites, the
very low and the low PAWC showed the best relationship between
water supply and yield, respectively. At Leck only a weak relation-
ship was  suggested (Fig. 7d).
Taking the inter-annual variability into account, the N-balance
differed strongly from year to year. Fig. 8 shows that the N-balance
with a fertiliser rate of 180 kg N ha−1 was  always above the critical
threshold of 60 kg N ha−1 in dry seasons (rainfall from ﬂowering to
maturity < 200 mm)  at all sites. For rainfall >200 mm and PAWCs of
123, 187 and 237 mm the N-balance was already close to the crit-
ical threshold. The difference between the sites is deﬁned mostly
(beside stored soil water at ﬂowering) by the frequency of the rain-
fall class (<150, <200, <250, >250 mm);  in Magdeburg, more than
half of the seasons (57%) fell into the category of < 150 mm,  in Leck
only 20% of all seasons had less than 150 mm rainfall. We  further
explored the water limitations by plotting the mean and standard
deviation of the water stress factor for photosynthesis (no water
stress = 1, severe water stress = 0) in APSIM (Fig. 9). In Magdeburg,
winter oilseed rape suffered strongly in almost all years indicated
by the high standard deviation, even at high PAWC values. In Leck, a
stress factor of below 0.8 was  hardly reached for the PAWC 187 and
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he  nitrogen balance deﬁned by the EU Nitrate Directive in Germany is marked in b
37 mm.  Across all sites with the exception of Magdeburg, mean
ater stress was strongest during ﬂowering (Thermal time units
750–2050 degree-days).
. Discussion.1. Model performance
The performance of the model taking all observed points for
otal biomass and N-uptake into account was excellent (Table 5,
able 5
imulated mean winter oilseed rape grain yield, N-balance, total plant N-uptake, grain N-
arvest days after emergence at four different sites and four categories of plant water hold
ate  of 180 kg N ha−1 rate. Mean (n = 50) and standard deviation (in brackets).
Site PAWC
(mm)
Grain yield
(kg ha−1)
N-balance
(kg ha−1)
Total N-uptake
(kg ha−1)
Grain N u
(kg ha−1)
Magdeburg 58 2284 (526) 97 (19) 149 (12) 83 (19) 
123  2876 (449) 79 (14) 162 (10) 101 (14) 
187  3268 (384) 70 (12) 167 (10) 110 (12) 
237  3404 (336) 66 (11) 169 (10) 114 (11) 
Bad  Salzuﬂen 58 2832 (429) 79 (14) 158 (9) 101 (14) 
123  3333 (302) 66 (10) 168 (8) 114 (10) 
187  3623 (188) 59 (7) 173 (7) 121 (7) 
237  3702 (143) 57 (6) 175 (7) 123 (6) 
Göttingen 58  2612 (483) 86 (17) 154 (12) 94 (17) 
123  3140 (393) 71 (12) 165 (9) 109 (12) 
187  3475 (275) 63 (9) 170 (8) 117 (9) 
237  3581 (218) 60 (7) 172 (8) 120 (7) 
Leck 58  2894 (401) 78 (14) 155 (11) 102 (14) 
123  3396 (304) 67 (11) 164 (11) 113 (11) 
187  3650 (239) 62 (9) 168 (12) 118 (9) 
237  3720 (227) 60 (9) 170 (12) 120 (9) alzuﬂen, (c) Göttingen, and (d) Leck and for different plant available water holding
IM simulation experiment for the years 1961–2012. The 60 kg N ha−1 threshold for
Fig. 3a–d) and comparable to other model evaluations (e.g.: Asseng
et al., 2000). LAI was  well simulated, but only few measurements
from one site were available (Fig. 4e).
Observed biomass growth and N-uptake before winter for both
sites were in a typical range for conditions in Germany (Henke et al.,
2008b) and were well simulated (Fig. 4a–d). In Germany, the win-
ter period is characterised by biomass and N-losses of oilseed rape
plants due to frost. In the model, frost effects induced by critical
temperature values resulting in leaves dropped at a constant rate.
N-content in senesced leaves is ﬁxed by the default model setting
uptake, N harvest index (NHI), N-concentration in the straw and the grain, and the
ing capacities (PAWC). The simulation scenario using APSIM based on a fertilisation
ptake NHI N-concentration
in straw (%)
N-concentration
in grain (%)
Harvest day after
emergence (days)
0.55 (0.10) 1.1 (0.5) 3.6 (0.1) 324 (8)
0.62 (0.07) 0.8 (0.3) 3.5 (0.2) 324 (8)
0.66 (0.05) 0.7 (0.2) 3.4 (0.2) 324 (8)
0.67 (0.05) 0.6 (0.2) 3.4 (0.2) 324 (8)
0.64 (0.07) 0.8 (0.3) 3.6 (0.1) 320 (7)
0.68 (0.04) 0.6 (0.1) 3.4 (0.2) 320 (7)
0.70 (0.03) 0.6 (0.1) 3.3 (0.1) 320 (7)
0.71 (0.02) 0.5 (0.1) 3.3 (0.1) 320 (7)
0.61 (0.09) 0.9 (0.4) 3.6 (0.1) 326 (7)
0.66 (0.06) 0.7 (0.2) 3.5 (0.2) 326 (7)
0.69 (0.04) 0.6 (0.1) 3.4 (0.2) 326 (7)
0.70 (0.03) 0.6 (0.1) 3.3 (0.2) 326 (7)
0.66 (0.07) 0.7 (0.2) 3.5 (0.2) 336 (8)
0.69 (0.04) 0.6 (0.1) 3.3 (0.2) 336 (8)
0.70 (0.03) 0.5 (0.1) 3.2 (0.2) 336 (8)
0.71 (0.02) 0.5 (0.1) 3.2 (0.2) 336 (8)
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fig. 7. Water supply from ﬂowering until maturity (extractible soil water at ﬂowe
ad  Salzuﬂen, (c) Göttingen, and (d) Leck and for different plant available water ho
imulation experiment for the years 1961–2012 for each site. N-fertiliser rate was 1
t 1.5%. Biomass production during winter is reduced due to low
adiation and the critical minimum temperature value of 0 ◦C. This
ramework for winter conditions worked sufﬁciently indicated by
 good match between simulated and observed biomass and N-
ptake at vegetation start in spring (Fig. 4a–d). Simulated LAI was
.5 before winter and dropped to 0.5 which is a commonly observed
alue for winter oilseed rape at vegetation start in spring (Grosse
t al., 1992) (Fig. 4e).
In the period after winter when temperatures stay continuously
0 ◦C, winter oilseed rape grows rapidly: Over a period of 3 to 4
eeks, it produces most of the aboveground biomass (Malagoli
t al., 2005). Observed biomass increased from 1500 kg ha−1 at
egetation start to more than 6000 kg ha−1 at ﬂowering for the
00 kg N ha−1 fertilisation treatment at Reinshof (Fig. 4a and c). The
imulation runs captured this development well for biomass and N-
ptake (Table 4). LAI increased from 0.5 in early spring to 5 m m−2
t ﬂowering for the highest N-fertiliser simulation run in Rosdorf
Fig. 4e). The underestimation of the model of LAI and biomass pro-
uction at ﬂowering for the zero N-fertiliser treatment at Reinshof
ndicates that the model may  overestimate the effect of N stress at
ow N-fertiliser rates when decomposing organic material was the
ajor source of N (Fig. 4a). Simulated and observed SMN  contents
ere high in spring due to the fertiliser application (Fig. 4f and g),
ut due to the high demand of the plant for its rapid growth, N was
aken up at a very high rate. As shown in Fig. 4f and g, the model
aptured the dynamics; however due to the fast N-uptake rate, dif-
erences of just a few days result in higher error terms (RMSE)nd rainfall from ﬂowering until maturity) versus grain yield for (a) Magdeburg, (b)
apacities (PAWC) (i) 58 mm,  (ii) 123 mm,  (iii) 187 mm and (iv) 237 mm based on a
 N ha−1. Regression line was  only drawn for R2 ≥ 0.55.
for SMN  (Table 4) as for example also observed in Asseng et al.
(2000).
During grain ﬁlling, oilseed rape drops most of its leaves. This
was reﬂected by the model in the decreasing LAI (Fig. 4e). Dropped
leaves were compensated by grain production in terms of total
biomass of a plant. From the leaves, N was then re-translocated
to the grains leading to overall decreasing N-content in the vege-
tative biomass in the ﬁeld and in the simulation (Fig. 4a–d). While
the prediction of N-uptake in grains by the model was  generally
good, the amount of N (kg ha−1) in the vegetative parts at harvest
was overestimated (Fig. 3d). We  conclude that the N-loss via leaves
dropped during the period from ﬂowering to maturity was  higher in
reality than predicted by APSIM. This process needs further consid-
eration, in particular via testing against measured N-content and
total amount in the senesced leaves, when the model is used to
investigate post-harvest soil N-dynamics.
Further possible improvements in model performance may  be
achieved by better simulating plant dormancy during the winter
periods. Especially in warmer winters with temperatures >0 ◦C over
a long period, the current setup could lead to an overestimation
of total biomass production as the current model parameter will
result in growth. However, we consider that this overestimation is
of little consequence for total biomass and grain yield at harvest
since winter oilseed rape produces most of its biomass in spring.
Generally, after a comprehensive test against a wide range of data
points for total biomass, grain yield, N-uptake, LAI, and SMN, the
model showed excellent correlation with observed data (Table 4,
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Fig. 8. Simulated N-balance averaged according to years with rainfall classes for the period from ﬂowering to maturity: <150, <200, <250 and >250 mm.  Frequency of seasons
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or  each site and plant available water capacity (PAWC 58, 123, 187 and 237 mm).  N
ig. 3a–d). Based on these results, we concluded that it was valid
o use APSIM canola for simulation experiments investigating the
elationship between fertiliser application, grain yield and grain
-uptake.
.2. Simulation experiment
The purpose of the simulation experiment was  to explore soil
nd climate related production limitations for winter oilseed rape
ultivation across northern Germany and assess how such limita-
ions can be related to N-fertiliser rate, yield and N-balance. As
resented in Fig. 4, the model suggested that mean yields at all
ites differed strongly with rooting depth and therefore PAWC.
urthermore, long-term mean yields under higher N-fertiliser
ates (>160 kg N ha−1) were related to the average annual rainfall
Figs. 1 and 5). For example, yields were highest in Leck (aver-
ge rainfall 847 mm)  and lowest in Magdeburg (average rainfall
10 mm).  Simulated yields for these sites reﬂected generally the
nding that winter oilseed rape yields are higher in the cooler, and
igh rainfall areas of far northern Germany than in more central
ocations with drier and warmer continental climate (Statistisches
undesamt, 2014; Leck: 4000 kg ha−1; Magdeburg: 3500 kg ha−1;
ig. 2). These observed and simulated values conﬁrm results from
askatchewan (Canada), where Kutcher et al. (2010) showed that
istrict average canola yields follow precipitation patterns.
Fig. 7 presents the relationship between water supply and
ield, and, indeed, for most sites with the exception of Leck a
ood correlation (R2 > 0.62) was found. While the coefﬁcient
ecreased for Bad Salzuﬂen and Göttingen with higher PAWC, the
oefﬁcient increased for Magdeburg. This indicates for Magdeburg
hat the water stress for the low PAWC was already severe before
owering (mean 0.83 at 1600 Degree-days; Fig. 9) and looking
nly at the period from ﬂowering to maturity might not be
ufﬁcient to explain the water limitations at that site. Accordingas percentage. Results based on a simulation experiment for the years 1961–2012
liser rate was 180 kg N ha−1.
to the simulation results, high yielding winter oilseed rape
(>3500–4000 kg grain yield ha−1) is frequently affected by water
limitation, even on fertile loamy soils with some rooting depth
restriction. It is acknowledged that oilseed rape has a high demand
for water (Gerbens-Leenes et al., 2009), but literature, which takes
water stress into account when developing fertiliser strategies for
oilseed rape, is limited in Germany. Nevertheless, it is addressed in
extension material (Alpmann, 2009) and is mentioned for oilseed
rape for soils of low PAWC (Rathke et al., 2006). As average yields
have risen now to levels where water stress can likely occur
(>3500–4000 kg ha−1), the simulation experiment demonstrates
the importance of taking rainfall amount and distribution as well
as the PAWC of a soil into account to determine the attainable
yield of a site. For the N-balance, APSIM simulations ranged from
50 to 125 kg N ha−1 for 180 kg N-fertiliser ha−1; such variability
was observed under ﬁeld conditions as well (Henke et al., 2008a,
2008b). The N-balance of 60 kg N ha−1 was exceeded in average
at fertiliser rates of more than 160 kg N ha−1. For soils of a low
PAWC, this was  already the case for 140 kg ha−1. Nevertheless, the
N-balance differed from year to years according to seasonal rainfall
(Fig. 8). For instance, for the 180 kg N ha−1 rate, the N-balance
was hardly exceeded for the PAWC > 187 mm when rainfall was
>200 mm.  The main difference between the sites was that in Leck
more than 53% of all seasons provided sufﬁcient rainfall (>200 mm)
from ﬂowering to maturity to remain below the critical threshold
for the N-balance for the PAWC > 123 mm,  while in Magdeburg, it
occurred only in 16% of all seasons. This shows that crop modelling
using weather forecast data in spring has the potential to provide
improved N-fertiliser recommendations (e.g. Asseng et al., 2012).
However, in-season decision making in fertiliser rate is difﬁcult in
winter oilseed rape cultivation as the application takes place early
in spring to meet the high N-demand during the juvenile phase
(Rathke et al., 2006). In the future as reliability of these seasonal
forecasts improves, better N-management may  be possible.
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n  an APSIM simulation experiment for the years 1961–2012 for each site and plan
While we found in the simulation experiment that N-balance
as well related with the PAWC of a soil, a relationship between N-
alance and sites was less obvious and needed a more integrative
nterpretation (Fig. 6). For example, the model suggested a trend
f higher yields in Leck than in Göttingen, but the N-balance was
he same for both sites at high PAWCs and at the 180 kg N ha−1e; 0 = severe stress, 1 = no stress) and the standard deviation (grey). Results based
lable water capacity (PAWC). N-fertiliser rate was 180 kg N ha−1.
fertiliser rate. Mean simulated N-uptake was  slightly higher at
Göttingen (172 kg ha−1) than at Leck (170 kg ha−1) (Table 5). For
Göttingen, the model simulated around 5–10 kg more N miner-
alised per hectare and per growing season (data not shown) due
to higher temperatures than for Leck (Fig. 2). However, in Göttin-
gen, biomass production is more limited by water, although the
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verall N-uptake is similar. Thus, the N-concentration in the plant
s higher in Göttingen than in Leck where mean N-concentrations
n the grain (3.2%) and in the straw (0.51%) were below critical val-
es (Tables 2 and 5). Therefore, the plant suffered from N-stress
ore frequently in Leck than in Göttingen. This resulted in more
fﬁcient translocation of the available N into the grains indicated
y the slightly higher NHI of 0.71 to 0.70 which are typical values
or winter oilseed rape in Germany (Sieling and Kage, 2010). Nev-
rtheless, all these differences were very small. According to the
odel, reduction of the average N-balance in Leck would only be
ossible by a high soil N-mineralisation which would result into a
igher yield and N-content in the grain without additional fertiliser
pplication or by improved HI due to breeding progress. Currently,
emi-dwarf varieties have been bred which are supposed to have a
igher HI and should be theoretically able to reduce the N-surplus.
nterestingly, Sieling and Kage (2007) did not ﬁnd differences to
onventional varieties in terms of yield or N-utilisation over a series
f ﬁeld trials at one location near Kiel (northern Germany). How-
ver, crop modelling could provide a better understanding under
hich circumstances (weather, soil) such varieties perform better.
t present, the APSIM canola model simulates HI ultimately on a
xed term (Table 4). An improvement by including the yield deter-
ining parameters (grain weight, grain numbers) in the model
nd how they are affected by climate and management would be
eeded to better capture the HI (Weymann et al., 2015).
The presented simulation experiment does, however, illustrate
he complex relationship between yield, N-balance, soil depth,
AWC, temperature and precipitation. By integrating cultivar spe-
iﬁc differences (for instance, HI and root growth (nitrogen uptake
apacity) of semi-dwarf varieties) stronger into the model, such an
pproach could be even more effective in analysing the N-balance.
urprisingly, so far, there is limited literature on a systematic
pproach trying to connect the different factors (management, soil,
limate, genotype) for improving the N-balance (Sieling and Kage,
010, 2007).
. Conclusions
We  presented the ﬁrst evaluation of a winter oilseed rape model
or central and northern Europe, which includes simultaneous
rowth limitation by water and N-supply. The model evaluation
howed sufﬁcient to excellent results for biomass, N-uptake, SMN
nd LAI. Thus, it was used to analyse grain yield and N-balance
s affected by different N-fertiliser rates at four sites in north-
rn Germany and at four different rooting depths of a loamy soil.
imulated yield was well related with water supply from ﬂower-
ng to maturity at low PAWC and low rainfall sites. Such analysis
elps to identify site-speciﬁc yield targets which can be reached
y an appropriate fertiliser rate. We  suggest such an approach
omplementary to ﬁeld trial activities for developing site-speciﬁc
anagement strategies, which maintain high grain yield levels and
mprove N-balance in winter oilseed rape cultivation.
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